We used dendrochronological methods to study disturbance history of mixed Korean pine (Pinus 8 
Introduction 31
Natural disturbances have profound effects on forest dynamics, influencing growth, regeneration, 32 diversity, and coexistence of tree species (Frelich and Lorimer, 1991; Abrams et al., 1999; Kubota, 2000;  33 Bergeron et al., 2004) . Studies in forest disturbance history are critical for understanding the present 34 forest composition and predicting the future forest structure under different climate and management 35 scenarios (Girardin et al., 2001; Kuuluvainen, 2002; Dang et al., 2009) . Dendroecological techniques are 36 widely applied to reconstruct forest history, disturbance regimes, and past forest dynamics (Brisson et al., 37 1992; Tardif et al., 2001; Fraver and White, 2005) . Tree ring analyses allow reconstruction of forest 38 disturbance history through dating of growth release and analyzing the establishing dates in sampled 39 individuals (Lorimer and Frelich, 1989; Frelich and Lorimer, 1991; Black and Abrams, 2003) .
40
Disturbance regimes in the mixed forest are important in promoting coexistence of tree species (Runkle, 41 1985; Liu, 1997; Bergeron, 2000) . In closed-canopy temperate forests, the gradient in forest disturbance 42 severity ranges from small canopy gaps created by single or multiple treefalls to large-scale 43 stand-replacing events (Runkle, 1985; Runkle and Yetter, 1987; Foster et al., 1998; Romme et al., 1998; 44 Turner et al., 1998; Ilisson et al., 2005; Margolis et al., 2007) . Variation in the size and frequency of 45 disturbances causes spatial and temporal heterogeneity in environment affecting establishment, growth, 46 and survival of trees (Liu, 1997; Mori and Takeda, 2004) . Species may respond differently to the range of disturbance sizes and severities, depending on their own ecological characteristics such as shade 48 tolerance and regeneration requirements (Runkle and Yetter, 1987; Bergeron et al., 1998; Drobyshev, 49 1999) . Typically, shade-tolerant trees benefit from advanced regeneration and often colonize small 50 canopy gaps, whereas shade-intolerant trees reveal faster growth rates but require large disturbance 51 patches for establishment (Runkle and Yetter, 1987; Kobe et al., 1995; Liu, 1997) . Diversity in 52 disturbance events may therefore allow coexistence of both groups of trees within a community.
53
Mixed Korean pine (Pinus koraiensis Siebold et Zuccarini) dominated forest is a major forest type in the 54 Northeastern China with Changbai Mountain as its core distribution area. Volcanism and wind are two 55 main natural disturbance factors affecting forest dynamics in Changbai Mountain (Manchida et al., 1987;  56 Liu, 1997; Dai et al., 2011) . Volcanism results in large-scale and stand-replacing disturbances in the area. vegetation over the area of 100 km 2 , the current vegetation cover originating largely after that event 59 (Zhao, 1981) . The most recent eruptions occurred in 1597, 1668, and 1702 and had spatially limited 60 effects on local forests (Zhao, 1981; Manchida et al., 1987) . Instead, wind mainly causes a wide range of 61 disturbance events ranging from large blowdowns to single and multiple tree falls (Dai et al., 2011) , all of 62 which are considered important for forest dynamics in Changbai Mountain. Large scale wind 63 disturbances (> 1000 m 2 ) are important for persistence of shade intolerant species in the forest canopy, 64 such as Olga bay larch (Larix olgensis Henry) (Yang et al., 1994; Okitsu et al., 1995; Liu, 1997) .
Wind-induced small canopy gaps maintain mid-tolerant P. koraiensis in broadleaf-Korean pine forest 66 (Dai et al., 2011 (Yang et al., 1994; Okitsu et al., 1995; Liu, 1997 
71
In an attempt to quantify the multi-century pattern of natural disturbances in Asian mixed temperate 72 forests, we studied forest disturbance history and regeneration dynamics in a primary mixed Korean pine 73 forest, the most typical forest type on Changbai Mountain. Our specific objectives were (1) to investigate 74 temporal patterns of tree species regeneration, (2) to reconstruct disturbance history of this mixed forest, 75 and (3) to understand the relationship between disturbance history and species coexistence in the studied 76 forest. Based on our field observations and literature review (Yang et al., 1994; Okitsu et al., 1995; Liu, 77 1997; Dai et al., 2011) , we hypothesized that (1) the forest disturbance regime is dominated by frequent 78 small-scale disturbances, whereas medium or large-scale disturbances (> 1 ha) are infrequent, and ( 
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Materials and methods
The study was conducted on the northern slope of Changbai Mountain in North Eastern China (1900 km²,   87 41°31′ -42°28′ N, 127°9′ -128°55′ E, Fig. 1 volcanic ash are common across the study area (Shao, 1996) .
96
Distinctive vegetation zones are present along the elevation gradient on the northern slope of Changbai 97 Mountain (Wang et al., 1980) . From 750 to 1100 m, broadleaf-Korean pine forest is dominated by P. 
172
We utilized standard method of percent growth change (GC) to detect canopy disturbance events 173 (Lorimer and Frelich, 1989; Nowacki and Abrams, 1997; Abrams et al., 1999) . The method involves 174 determination of (a) the length of the time frame to calculate moving average of the tree ring increment 
202
Among all species, A. nephrolepis showed the highest abundance in both seedling and sapling strata. P.
203
jezoensis was abundant as seedlings and saplings, while P. koraiensis was common in seedling stratum 204 but was rare as saplings. L. olgensis didn't regenerate in the studied sites (Table 1) .
205
Combined diameter distribution of all four species revealed an inverse J pattern, typical of an 206 uneven-aged forest (Fig. 2a) , although distributions of single species differed considerably. Excluding 207 seedling classes, P. koraiensis showed a broadly normal distribution throughout the range of diameter 208 classes, and dominated the large diameter class (> 50 cm) across the stands (Fig. 2b) . L. olgensis 209 exhibited a bell-shape pattern dominated by the diameter class from 30 to 50 cm and had no trees in 210 small DBH classes (< 5 cm) (Fig. 2c) . P. jezoensis was well represented from small to intermediate 211 classes (1-40 cm) and reached large classes up to 75 cm DBH (Fig. 2d) were observed during our surveys and due to the fact that sampled larch trees often had rotten pith.
232
Combined age distribution of the four species showed a multimodal pattern (Fig. 3a) , with several 233 regeneration waves of moderate intensity (1810-1830s, 1850-1870s, 1900s, 1930s, and 1990s , 1870-1880s, 1930s, and 1990-2000s (Fig. 3b) . P. jezoensis also presented a multimodal 236 pattern in age distribution and showed similar increased recruitment periods as P. koraiensis (1820s, 237 1850s, 1930s, and 1990s, Fig. 3c) . A. nephrolepis showed increased recruitment from the 1900s to the 238 1930s and the 1990s (Fig. 3d) . For L. olgensis, projected pith ages indicated that trees recruited mainly 239 between the 1800s and 1860s (Fig. 3e) 
243
Growth releases and initial growth of P. koraiensis
244
Two alternative protocols revealed similar patterns of growth releases (Fig. 4) , suggesting the occurrence In P. koraiensis, the initial 10-year increment was significantly larger than the increment during the 250 release periods (Z=-2.81, p=0.005, Fig. 5 ). The initial 10-year increment exceeded 3 cm 2 in 58.4% of P. we didn't find evidence of past fires (such as fire scars and charred stumps) in our sites, although stand 267 replacing fires have been previously described as the main factor for the dynamics of mixed forest in
268
Northeastern China (Chang et al., 2008) . High humidity in the study area and fire suppression policy 269 (Wang et al., 1980) in the Reserve might effectively limit possibilities for effective ignitions and fire 270 spread in the area.
growth releases during these decades (Fig. 4) 
280
The canopy disturbances were common and small-scale as suggested by frequent growth releases with 281 low percentage of trees exhibiting the release (< 6%) in a single decade (Fig. 4) increments during the initial growth period (Fig. 5) suggested that two species might be independent of 333 treefall gap episodes due to their high degree of shade-tolerance (Yang et al., 1994; Okitsu et al., 1995;  334 Liu, 1997 (Kneeshaw and Bergeron, 1998; Drobyshev, 1999; Nagel et al., 2007; Firm et al., 2009;  340 Zielonka and Malcher, 2009 ).
341
In a short-time perspective (< 200 years), stand-replacing disturbance events were probably of limited 342 importance as drivers of the forest dynamics in Changbai Mountain, primarily due to the fact that the 343 interval between such disturbance events was longer than the typical maximum lifespan of dominant 344 species. Volcanic eruptions occurred in the study region with the interval exceeding 600 yr and were 345 likely causes of stand-replacing fires (Zhao, 1981; Manchida et al., 1987) . This interval was longer than 346 the lifespan of dominant species P. koraiensis (~400 yr), P. jezoensis (~300 yr), A. nephrolepis (~200 yr),
347
and L. olgensis (~300 yr) (Ishikawa et al., 1999; He et al., 2005) . The similar pattern was also found in 348 deciduous forests of the eastern United States, where the average interval between severe disturbances 349 was approximately 1000 years (Lorimer, 1977 (Lorimer, , 1989 Canham and Loucks, 1984; Whitney, 1986) . In the 350 absence of large-scale disturbances, forest structure and composition in such forests are largely driven by 351 small-scale canopy disturbances due to wind-induced mortality of single trees or small group of trees 352 (Runkle, 1985 (Runkle, , 1991 Canham, 1989; Drobyshev 2001; Motta et al., 2011 China will experience more extreme events such as hurricanes and typhoons in the future (IPCC, 2007) .
367
Particularly, such storms will expand along the coast areas from south to northeast China within rising 
